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ABSTRACT: This paper studies not only the shadow of shade by the sun, but also the incident 
ultraviolet radiation from the sky. The spectral distribution of ultraviolet radiance from the sky has been 
measured for three years. Erythema is abnormal skin redness. The erythematic action on it is 
multiplied by the measurement data and CIE erythematic action spectrum. The levels of erythema 
action on sky radiance are represented by the points based on space density in the chart. The chart is 
called ”UV Shade Chart.” It can be used to estimate ultraviolet exposure in outdoor space or under 
shade which is expected to be useful for blocking ultraviolet radiation. 
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1. INTRODUCTION 

Ultraviolet (UV) radiation damages the skin. The use of shades is an effective means of blocking this radiation. 
Currently, there are no established techniques for designing shades in order to maximize the ability to block UV 
radiation. One reason is that the UV radiance distribution in the sky has to be still clarified. By elucidating the 
distribution, UV Shade Chart can be developed to evaluate UV exposure easily based on empirical UV radiance 
distribution data and the associated incidence of erythema. 

It is difficult to use daylight factor and sky factor as visible light for a study on UV radiation incident to a shade, 
because a shade has a wide aperture and azimuth. Moreover, using these factors is not applicable because the 
overcast-sky visible-light radiance distribution and the clear-sky UV radiance distribution are different. Therefore, it is 
necessary to measure the sky radiance distribution of UV. To determine the amount of erythema associated with UV 
exposure, it is also necessary to measure the sky radiance distribution from 280nm to 400nm wavelength. 

Several previous studies on the sky radiance distribution of UV have been done. Grant, Heisler and  Gao measured 
solar radiation and sky radiance distribution and derived a regression formula for estimating clear-sky solar UV-B 
radiation1). Kawanishi derived a regression formula for the clear-sky radiance distribution and determined the UV 
daylight factor per unit configuration factor necessary for calculating the indoor UV radiance2). The purpose of these 
previous studies, however, was to measure the UV-B band, so the spectral distribution of UV radiance in the sky at 
each wavelength was not determined.  

In the present study, from 280nm to 400nm wavelength of the sky radiance distribution was measured at 145 points 
at solar altitudes of 50, 60, and 70° using an angle-azimuth converter with a compact spectrometer. It took 8 min to 
acquire the data; a large volume of data (n=20,300) from 140 cases was acquired for statistical processing. Radiance 
varies greatly depending on the wavelength, sky element position, solar altitude, and azimuth. The measured spectral 
radiance was weighted with CIE erythema action spectrum3). By indicating the UV radiance distribution in a sky chart 
(contour plot), we clarified the variance of erythema action spectrum depending on altitude and azimuth. From the 
total radiance, UV Shade Chart was developed expressing radiance as point density4). Subsequently, this chart was 
used to evaluate several kinds of shades, and the architectural sun protection factor (ASPF) 4) was calculated. Thus, 
UV Shade Chart can be created taking UV-induced erythema action into account. 

2. MEASUREMENT OF SKY UV RADIANCE 

2.1 Measuring Device 
The electron-cooled CCD spectrometer (BTC112, B&W TEK) used for measurement of the UV radiance distribution 
and the device that automatically scans azimuth and altitude angles are shown in Fig. 1,2. The BTC112 use silicon 
CCD. For the measuring points, the altitude and azimuth angles were determined according to the 145 sky element 
points (see Fig. 3) defined by the International Commission on Illumination (CIE). The time required for a single 
measurement was about 8 min. Using the daily solar altitude angles 30–70° as the standards, the solar azimuth 
angle and time were automatically calculated. We conducted spectral measurements in the UV range while shifting to 
keep the solar azimuth angle at a constant 0°.The spectrometer used in the present study was calibrated using the 
integrating sphere from the National Institute of Polar Research in Itabashi-ku, Tokyo.  

2.2 Spectral Measurement of Sky UV Radiance 
The measurements were conducted at the Funabashi Campus of the College of Science and Technology, Nihon 
University located at lat. 35" 37' N and long. 140" 03' E. The days of measurement were from May 27 to September  
2 in 2005, and from July 31 to September 10 in 2006. The solar altitudes were 50, 60, and 70°. Data from clear days 
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were analysed. The total volume of acquired data was 20,300 for 140 cases. Radiance was subsequently calculated 
by multiplying the measurement data with a correction factor determined using the integrating sphere from the 
National Institute of Polar Research. 

   

Fig.1 Sensor & Scanner Fig.2 Spectrometer Fig.3 Sky element points 145  

3. ANALYSIS OF RADIANCE 

3.1 Radiance of Representative Wavelengths in Sky Elements 
Sky UV radiances at solar altitudes 50–70° on August 4, 2006 during clear weather are shown in Fig.4. The numeric 
values in the legend of each figure represent sky element numbers. As indicated in these figures, radiance increases 
quickly from about 310 nm in the south azimuth, or near the sun. The eastern, western, and zenith radiances are 
nearly identical. Compared to the south azimuth, the radiance in each of the other locations is extremely low at 
shorter wavelengths because it is attenuated by a longer transmission through the atmosphere. At the solar altitude 
of 70°, the zenith, eastern, and western radiances are nearly identical, because the angular distance from the sun is 
almost equal. The radiance is low in the north azimuth where the angular distance is large and there is no direct 
sunlight. 

The radiances of 140 cases at the 145 sky element points obtained by measurement were standardized with the 
zenith radiance and then called radiance ratios. The radiance ratio is particularly effective for comparing radiance 
distributions with absolute values that vary daily and by the hour. The mean radiance ratios were calculated from the 
representative wavelengths of UV-B, UV-A, and visible light (310, 360, and 500 nm, respectively), and, for the mean 
radiance, the ratio to zenith was also calculated. The number of sky element samples was 25 at the solar altitude of 
70°, 57 at 60°, and 58 at 50°. The zenith mean radiance and the coefficient of variation at each solar altitude are 
presented in Table 1.  

The radiance distributions at the solar altitudes of 50, 60, and 70° are shown in Fig.5 for UV-B, Fig.6 for UV-A, and 
Fig.7 for visible light. All of them are horizontal components in order to estimate the exposure of a person lying on his 
or her side under a shade. The centre of each circle corresponds to the zenith and the circumference corresponds to 
the horizon. The radiance ratio at each altitude and azimuth is converted in terms of the horizontal plane, and the 
contrast of the sky chart (contour plot) represents the magnitude of the radiance ratio (0° represents the solar 
azimuth). 

Table 1 Solar altitude, zenith radiance 
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Fig.4 Radiance of sky element 

Results indicate that the radiance ratio differs depending on the solar altitude. For UV-B, UV-A, and visible light, the 
radiance ratio decreases as the solar altitude increases, because the angular distance between the sun and zenith is 
short and the difference between the radiance near the sun and the zenith radiance decreases. The area of the 
radiance ratios 0.5–1 increases as the solar altitude decreases. At the solar altitude of 50º, in particular, this radiance 
ratio area extends in all-around. As the solar altitude decreases, the transmission distance through the atmosphere 
lengthens and scattering increases. The contour lines at and near the sun are dense but decrease quickly from the 
sun to the ground. Moreover, as the solar altitude increases, the area of the radiance ratios 0–0.5 is observed in all-
around. Large differences in these characteristics are not observed between the different wavelengths. At the solar 
altitudes of 50 and 60º, however, the visible light differs greatly from UV-B and UV-A. The radiance ratio is greatest 
near the sun.There are areas of small radiance ratios present in the azimuth opposite the sun. The tendency of 
visible light data from the present study matches the CIE standard clear-sky radiance distribution.9) UV-B and UV-A 
do not show any low radiance ratios in the azimuth opposite the sun as a result of increased scattering. 

3.2 Erythema Action associated with UV Radiation  
The radiance L(λ) was multiplied by the erythema action relative sensitivity W(λ) to determine the radiance of UV-
induced erythema Le and to integrate all wavelengths. 

Le=∫L(λ)W(λ)�λ  (λ=250–400 nm)       (1) 

W(λ)=100          (250<λ<298 nm) 

W(λ)=100.094(298−λ)   (298<λ<328 nm) 

W(λ)=100.015(139−λ)   (328<λ<400 nm) 

At the solar altitudes of 50, 60, and 70°, the mean zenithal radiance of UV-induced erythemas are 5.86×10−4, 
7.95×10−4, and 9.84×10−4 W/m2 sr, respectively, and the coefficients of variation are 1.08, 1.08, and 0.62. The 
absolute values of the results are shown in Fig.8, and the radiance ratios divided by the zenithal radiance of UV-
induced erythema are presented in Fig.9. 

 

Fig. 8 Radiance (solar altitude: 70º) 
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Fig. 6 Radiance (solar altitude: 50º) 
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Since the UV-B area occupies a large percentage of the UV-induced erythema radiation, the distribution of this 
erythema action is similar in shape to that of the radiance distribution diagram of the UV-B representative wavelength 
(310 nm). Large ratios are primarily observed near the sun. In the azimuth opposite the sun, the distributions 
approach zero at low altitudes; the measured values approached the sensitivity limit of the spectrometer. The 
radiance is almost zero at the circumference, which corresponds to the horizon. At the solar altitude of 50°, the 
radiance of UV-induced erythema ratio is 5 or greater in a large area near the sun. The radiance at the azimuth of 
about ±30° and at the altitude of about ±5° around the sun is about five times greater than the zenith radiance. 
Compared to this, large erythema actions are centralized near the sun only at the solar altitude of 60°. At the solar 
altitude of 70°, the radiance ratio is nearly equal from the zenith to the circumference of the sun, but almost triples 
near the sun. Judging from the distributions of radiance of UV-induced erythema at all solar altitudes, radiation can 
be shielded effectively by blocking with a shade or building in the azimuth range of about ±75°, and in the altitude 
range from about 20° to zenith around the sun. 

4. UV SHADE CHART AND SHADE 

The UV Shade Chart represents the erythema action associated with the distribution of UV radiance at each solar 
altitude using dots. In this chart, the magnitude of the radiance ratio was substituted with dot density. The zero on the 
circumference indicates the solar azimuth. About 40% of the dots were at and near the sun and about 60% in other 
sky areas. A UV Shade Chart at the solar altitude of 50,60,70° is presented in Fig.10, showing 100 total points. 

 

 

Fig. 9 UV-B mean radiance (solar altitude: 50º) Fig. 10 UV-B mean radiance (solar altitude: 60º) 
 

Fig. 11 UV-B mean radiance (solar altitude: 70º) 

Fig. 12 UV-A mean radiance (solar altitude: 50º) Fig. 13 UV-A mean radiance (solar altitude: 
60º) Fig. 14 UV-A mean radiance (solar altitude: 70º) 

 

Fig. 15 Visible-light mean radiance ratio (solar 
altitude: 50º) 

Fig. 16 Visible-light mean radiance ratio (solar 
altitude: 60º) 

Fig. 17 Visible-light mean radiance ratio (solar 
altitude: 70º) 

 

50°             60°             70° 
Fig.5  UV-B Radiance Distribution 

50°               60°               70° 
Fig.6  UV-A Radiance Distribution 

50°           60°               70° 
Fig.7  Visible-light Radiance Distribution 

Fig.5 UV-B Radiance Distribution 

Fig.7 Visible-light Radiance Distribution 

Fig.6 UV-A Radiance Distribution 
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Fig.8 UV Radiance Distribution of Erythema Action 

 

 

Fig.9 Relative UV Radiance Distribution of Erythema Action  

 

Fig.10 UV Shade Chart for solar altitude of 50,60,70°  

Following the development of the UV Shade Chart, a photograph is taken under a beach shade using a fisheye lens 
and superposed on the UV Shade Chart like a Fig.11. The number of dots in the visible sky area is counted, and the 
total number of dots divided by the number of dots in the sky area is defined as the architectural sun protection factor 
(ASPF).  

ASPF= UVI NDEX out of shade÷ UVINDEX under shade          (2)  

=Total points ÷ Points of sky part 

Table 2 shows the photograph of the shade, fisheye photograph, ASPF and evaluation. These shade are seated in 
bus stop, park, pool side, arts complex, tennis court, and others. As for the evaluation, ASPF1 and 2 are Bad. 
ASPF3-5 is good. ASPF6 - 9 is good protection. ASPF equals above 10 is excellent protection. The maximum is 25, 
and the minimum is 3. The shade using transparency material has a small ASPF. As for the shade wrapping up the 
sky, ASPF is big. 

50                         60                        
70 

50                         60                        
70 
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Fig.11 Superposed UV Shade Chart and Fisheye Photograph 

Table2 Shades, Fisheye photos, ASPF, Evaluation 

 

 

 

5. CONCLUSIONS 

(1) UV Shade Charts were developed from the radiance distribution of erythema action, and the architectural sun 
protection factors (ASPF) for different types of shades were calculated. The ASPF range of these shades was 3 to 
25. 

(2) At the solar altitudes of 50 and 60°, there are areas of low visible-light radiance ratios in the azimuth opposite the 
sun. However, there are no areas of low UV-B or UV-A radiance ratios in the azimuth opposite the sun because of 
increased scattering. 
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(3) The data on radiance of UV-induced erythema and expressed the radiance distribution, radiance ratio distribution 
using contour plots is acquired. Compared to the visible-light radiance distribution, the erythema action radiance 
distribution was found to show greater ratios in a larger area at and near the sun. UV radiation can be shielded 
effectively by blocking with a shade or building in the azimuth range of about ±75° and in the altitude range from 
about 20° to zenith around the sun. 
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